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Hypothalamic amenorrhea (HA) is associated with dysfunction of
the hypothalamic-pituitary-peripheral endocrine axes, leading to
infertility and bone loss, and usually is caused by chronic energy
deficiency secondary to strenuous exercise and/or decreased food
intake. Energy deficiency also leads to hypoleptinemia, which has
been proposed, on the basis of observational studies as well as
an open-label study, to mediate the neuroendocrine abnormalities
associated with this condition. To prove definitively a causal role
of leptin in the pathogenesis of HA, we performed a randomized,
double-blinded, placebo-controlled trial of human recombinant
leptin (metreleptin) in replacement doses over 36 wk in women
with HA. We assessed its effects on reproductive outcomes, neu-
roendocrine function, and bone metabolism. Leptin replacement
resulted in recovery of menstruation and corrected the abnormal-
ities in the gonadal, thyroid, growth hormone, and adrenal axes.
We also demonstrated changes in markers of bone metabolism
suggestive of bone formation, but no changes in bone mineral
density were detected over the short duration of this study. If
these data are confirmed, metreleptin administration in replace-
ment doses to normalize circulating leptin levels may prove to be
a safe and effective therapy for women with HA.

ypothalamic amenorrhea (HA) is characterized by cessation of

menstrual cycles because of dysfunction of the hypothalamic-
pituitary-gonadal axis, abnormalities in gonadotropin pulsatility,
and subsequent estrogen deficiency. This disorder is associated with
chronic energy deficiency, usually caused by strenuous exercise,
stress, and/or reduced food intake, and accounts for more than 30%
of cases of amenorrhea in women of reproductive age (1). In ad-
dition to infertility, HA is associated with other neuroendocrine
abnormalities, including dysfunction of the thyroid, growth hor-
mone, and adrenal axes (2-7) as well as bone loss (8, 9) and pro-
pensity for fractures.

Circulating leptin levels reflect the amount of energy stores
in fat as well as acute changes in energy intake (10). Hypo-
leptinemia, signaling a state of energy deficiency, may mediate the
changes in the neuroendocrine axes observed in HA. We first
showed that acutely depriving mice and then healthy men of energy
by caloric restriction resulted in relative leptin deficiency and neu-
roendocrine abnormalities affecting the gonadal and thyroid axes,
and these abnormalities were prevented with recombinant me-
thionyl human leptin (metreleptin) replacement (11, 12). Women
with HA are chronically energy deficient and, in observational
studies, have low leptin levels and loss of diurnal leptin variation
(13-16). In our proof-of-concept, open-label pilot study, we ad-
ministered metreleptin s.c. for 3 mo to normalize leptin levels in
women with HA and found that metreleptin treatment resulted
in ovulatory menses and significant increases in levels of luteiniz-
ing hormone (LH), estradiol, insulin-like growth factor-1 (IGF1),
thyroid hormones, and bone formation markers (17). Our results
indicated that hypoleptinemia may be responsible for reproductive
and neuroendocrine dysfunction in women with HA, but the open-
label nature of the study could not prove this notion beyond any
doubt because uncontrolled confounding factors could have
accounted for these findings. Moreover, the adrenal axis and the
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full spectrum of bone metabolism were not studied fully in the
earlier study (17), and the duration of the trial was not long enough
to allow the study of long-term effects of metreleptin treatment.
We therefore performed a randomized, double-blinded, pla-
cebo-controlled trial of metreleptin treatment in women with
HA. End points of the study were changes in reproductive and
neuroendocrine functions, markers of bone metabolism, bone
mineral density (BMD), and resting energy expenditure. Com-
pared with our previous open-label pilot study, this study was
randomized, placebo-controlled, and of substantially longer du-
ration (36 wk), permitting the assessment of study outcomes
against the background rate of developing spontaneous menstrual
cycles and/or neuroendocrine changes over an extended period.

Results

Baseline Characteristics. There were no significant baseline dif-
ferences between the metreleptin- and placebo-treated groups in
regards to age, weight, body mass index (BMI), body fat com-
position, duration of amenorrhea, leptin levels, LH, follicle-
stimulating hormone (FSH), estradiol, and BMD (Table S1 and
Fig. 1).

Subject Completion. Among the 20 participants who were enrolled
in the study, 11 were assigned randomly to receive metreleptin,
and nine received placebo. One participant in the metreleptin-
treated group withdrew from the study because she developed
injection-site reactions soon after the baseline visit. Thus, the
analyses in Table 1 and Tables S1 and S2 include the results from
10 metreleptin-treated subjects. Seven of the 11 participants in
the metreleptin-treated group and six of nine participants in the
placebo-treated group completed the entire study (Table 2 and
Table S3). Of the metreleptin-treated participants, one became
pregnant at week 24, and one was discontinued from the study at
week 28 because of persistent weight loss despite adjustments in
study medication dose (SI Materials and Methods). One partici-
pant from the metreleptin-treated group at week 24 and three
participants from the placebo-treated group at weeks 4, 16, and
24 decided not to continue the study because of traveling.

Weight, Body Composition, and Metabolic Rate. Except for one
participant who was removed from the study because of weight
loss at week 28, all participants in both the metreleptin- and
placebo-treated groups maintained stable weights during the
study with dose adjustments (Fig. 14 and Table 2 and Table S3).
Four participants taking metreleptin required decreased doses
because of weight loss. The BMI did not change significantly in

Author contributions: C.S.M. designed research; J.P.C,, X.L., G.M., C.G., RS., M.T.B,, H.G,,
K.A., and C.S.M. performed research; G.M. contributed new reagents/analytic tools;
S.H.C, X.L, C.G, RS, KA, and CS.M. analyzed data; and S.H.C,, J.P.C, X.L,, G.M,, C.G,,
R.S., M.T.B,, H.G., K.A,, and C.S.M. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. E-mail: cmantzor@bidmc.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1015674108/-/DCSupplemental.

PNAS | April 19,2011 | vol. 108 | no.16 | 6585-6590



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST3
mailto:cmantzor@bidmc.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1015674108

L T

/

1\

=y

A ™) B
#— Placebo 24 | . Dlacebo_
—e— Metreleptin —a— Metreleptin

of total body fat mass and percentage measured by dual-energy
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Fig. 1. Body composition. Anthropometric changes over the 36 wk of
treatment and at the follow-up visit at week 52 as assessed by body weight
(A), body mass index (B), total body fat (C), and percentage total body fat
(D). Solid black lines represent the metreleptin-treated group; gray dashed
lines represent the placebo-treated group. Metreleptin treatment had a sig-
nificant effect over time on total body fat (P = 0.02) and percentage total
body fat (P = 0.01).

the metreleptin group (20.8 + 0.6 kg/m* at week 36 compared
with 21.1 + 0.6 kg/m? at baseline) compared with the control
group (19.6 + 0.4 kg/m? at week 36 compared with 19.8 + 0.7 kg/
m? at baseline) (P = 0.23) (Fig. 1B). However, over the 36-wk
study period the metreleptin-treated group had progressive loss

two treatment groups in the reported total caloric intake at
baseline (P = 0.84) or throughout the study (P = 0.91). At the
end of 36 wk, there were no significant differences between the
two groups in fat (P = 0.13), protein (P = 0.73), or carbohydrate
intake (P = 0.43).

Leptin, Free Leptin, and Antileptin Antibody Levels. In the metre-
leptin-treated group, the serum total leptin level increased sig-
nificantly after 4 wk of metreleptin administration (25.99 + 5.43
ng/mL compared with 3.54 + 0.59 ng/mL for placebo; P <
0.0001) and continued to rise throughout the study (Fig. 24).
At 12 wk, the treatment dose of four participants in the metre-
leptin-treated group was increased to 0.12 mg/kg of metreleptin
because of lack of menstruation; two of these participants (one at
24 wk, one at 28 wk) required readjustment of the doses back

Table 1. Changes in neuroendocrine axes and markers of bone turnover over time
Week
Analyte Group Week 0 (baseline) Week 12 Week 24 Week 36 52 (follow-up) P (trt)* P (trt* time)" P (follow-up)*
Hormones
Leptin (ng/mL) Metreleptin 455+ 0.64 4451 +8.74 57.26 + 11.36 59.33 + 14.15 8.64 + 3.92 <0.0001 <0.0001 0.05
Placebo 4.10 + 0.64 3.65+0.61 3.51+0.52 3.09+0.51 2.64 + 0.57
Free leptin Metreleptin 475 + 1.24 23.87 + 3.97 47.52 + 11.98 49.04 + 13.78 3.78 + 1.00 <0.0001 <0.0001 0.18
(ng/mL) Placebo 3.77 + 0.62 3.35+043 3.25+041 2.75+0.40 2.34 +0.30
Estradiol Metreleptin 23.0 +9.0 193+45 27.2+80 254 +7.8 220+7.8 0.01 0.52 0.22
(pg/mL) Placebo 14.0 + 1.7 139+1.8 123 +14 118+ 1.3 11.6+18
Progesterone  Metreleptin 45+ 04 49+ 03 145+56 73 +35 7.8 +3.9 0.03 0.33 0.30
(ng/mL) Placebo 46 +04 44 +04 44 + 0.3 5.2 +0.7 3.7+0.2
Cortisol (ng/dL) Metreleptin 209 + 1.1 18.2 + 1.0 171 £ 1.1 128 £+ 1.3 149 + 1.6 0.02 0.24 0.17
Placebo 20.0 + 1.3 196+14 202+1.0 19.7 £ 0.9 17.7 £ 1.1
IGF1 (ng/mL)  Metreleptin 498.1 + 66.7 462.2 + 51.1 543.2 +49.7 491.0 +69.8 3823 +71.7 0.23 0.08 0.58
Placebo 4221 +41.9 434.3 + 37.2 4044 + 33.1 3884 +409 331.6 +50.6
IGF1:1GFBP-3 Metreleptin 5.35 + 0.49 5.14 +0.37 6.09 +0.40 5.46 + 0.61 458 + 0.72 0.32 0.04 0.48
Placebo 5.05 + 0.45 514 + 038 4.82+0.33 4.63+042 3.91 + 0.56
Bone markers
BASP (U/L) Metreleptin 26.6 + 5.7 28.2 + 6.1 296 +7.3 30.7 +7.5 227 +45 0.09 0.29 0.20
Placebo 16.7 + 4.4 172 +43 134+ 27 135+24 142 + 4.2
Osteocalcin Metreleptin 139+ 26 209 +3.1 198 +3.1 209 + 3.1 123 £ 2.1 0.0019 0.21 0.17
(ng/mL) Placebo 93+038 85+ 1.0 8.1+09 7.7 £0.7 87 +1.1
Urinary NTX:  Metreleptin 494 + 54 723 +9.0 56.1+13.6 528+ 134 459 +20.2 0.03 0.43 0.68
creatinine Placebo 30.8 + 3.1 42.0 + 10.0 56.9 +21.5 58.1+ 12.0 38.2 + 8.3

All data are presented as meanz+ SE. For analysis, the last observation was carried forward to yield n = 10 for the metreleptin group and n = 9 for the
placebo group, except BASP, which had n = 8 for the placebo group. On-treatment analysis yielded similar results. Log transformed data were used for leptin,
free leptin, estradiol, and progesterone. Baseline level was adjusted for in the model for urinary NTX:creatinine. Overall P values were based on repeated
measure ANOVA from baseline and every 4 wk through wk 36 for all variables except IGF1, IGFBP-3, and IGF1:IGFBP-3, which were analyzed using repeated
measure ANOVA from baseline, week 12, week 24, and week 36.

*Effect of metreleptin and placebo treatment.
"Metreleptin and placebo treatment over time interaction.
*One-way ANOVA was used to compare the difference between metreleptin and placebo treatment groups at week 52 follow-up.
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Table 2. Individual data on presence of menstruation, metreleptin dose, and weight: Treatment group
Baseline Week 4 Week 8 Week 12 Week 16 Week 20 Week 24 Week 28 Week 32 Week 36 Week 52

A Menstruation - - - - - - - - + + -

Dose (mg/kg) 0.08 0.08 0.08 0.12 0.12 0.12 0.12 0.12 0.12

Weight (kg) 56.35 56.95 58.20 56.60 56.80 55.95 57.00 56.30 55.40 55.50 55.50
B Menstruation - - + + - + + + + + +

Dose (mg/kg) 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08

Weight (kg) 63.00 62.40 61.80 60.35 60.55 60.40 60.20 59.30 59.70 59.00 59.55
C Menstruation - + + - + + + + + - +

Dose (mgrkg) 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08

Weight (kg) 54.40 53.60 52.90 53.50 52.75 52.95 53.50 54.30 53.30 53.05 53.30
D Menstruation - - - - - - - Withdrew from study.

Dose (mg/kg) 0.08 0.08 0.08 0.12 0.12 0.12 0.12

Weight (kg) 57.80 59.15 58.80 57.95 57.15 56.90 57.85
E Menstruation - - + - + + + Withdrawn from study

because of pregnancy.

Dose (mg/kg) 0.08 0.08 0.08 0.08 0.08 0.08 0.08

Weight (kg) 56.95 54.75 54.20 54.95 55.45 55.25 53.20
F  Menstruation - - - - - - - - - - -

Dose (mg/kg) 0.08 0.08 0.08 0.12 0.12 0.12 0.12 0.08 0.08

Weight (kg) 49.60 49.70 49.05 48.70 48.05 48.10 47.40 48.60 47.30 46.25 50.95
G Menstruation Withdrawn from study because of injection-site reactions. Subject was not included in the analyses.

Dose (mg/kg)

Weight (kg)
H Menstruation - - - - - + - + Withdrawn from study because

of persistent weight loss.

Dose (mgrkg) 0.08 0.08 0.08 0.08 0.04 0.04 0.04

Weight (kg) 52.50 51.38 50.45 47.75 46.85 47.05 46.00 47.40
I Menstruation - - - - - - - - - - -

Dose (mg/kg) 0.08 0.08 0.08 0.12 0.12 0.12 0.08 0.08 0.08

Weight (kg) 52.60 53.40 55.10 53.75 52.30 52.70 50.55 51.55 53.30 50.80 49.80
J Menstruation - - - + - + + + - + -

Dose (mg/kg) 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08

Weight (kg) 55.80 55.50 55.70 55.45 55.20 54.65 54.30 53.90 53.15 53.60 57.90
K Menstruation - - + + + - - - + + +

Dose (mg/kg) 0.08 0.08 0.08 0.08 0.04 0.04 0.04 0.04 0.08

Weight (kg) 69.65 68.60 67.60 65.95 65.20 65.80 65.60 64.80 66.45 65.10 65.80

down to 0.08 mg/kg because of weight loss (Table 2). Two ad-
ditional participants required decreases in metreleptin dosing to
0.04 mg/kg because of weight loss at 16 wk; one of these par-
ticipants had her dose increased back to 0.08 mg/kg at week 32.
Of the six participants in the metreleptin group who completed
the study at a dose of 0.08 mg/kg, the mean leptin level was 69.67 +
20.45 ng/mL at week 36. One participant completed the study at
a dose of 0.12 mg/kg with a leptin level of 58.38 ng/mL. The mean
leptin level in the metreleptin-treated group decreased 16 wk
after discontinuation of metreleptin to 8.64 + 3.92 ng/mL at week
52, a level that was not significantly different from the placebo-
treated group (P = 0.054). The control group, as expected, did not
have any significant changes in leptin levels throughout the study
duration (4.10 £ 0.64 ng/mL at baseline compared with 3.09 +0.51
ng/mL at week 36; P = 0.54). Similarly, free leptin levels increased
significantly over the study duration in the metreleptin-treated
group, starting at4.75 + 1.24 ng/mL and reaching a peak 0f 49.04 +
13.78 ng/mL at week 36, whereas the free leptin levels remained
stable in the control group, starting at 3.77 + 0.62 ng/mL and
ending at 2.75 + 0.40 ng/mL at week 36 (P < 0.0001) (Fig. 2B).
Antileptin antibody levels were assessed in eight of 10 metre-
leptin-treated subjects and seven of nine placebo-treated sub-
jects because of serum availability. Seven of eight metreleptin-
treated subjects developed antileptin antibodies starting at
the first check point at week 12. The antibody levels decreased
slightly or were maintained at similar levels until the completion
of treatment. None of the placebo-treated subjects developed
antileptin antibodies.

Chou et al.

Menstruation and Fertility. Seven of 10 subjects receiving metre-
leptin therapy developed menstruation during the course of the
study, and two of nine subjects on placebo developed menstru-
ation (P = 0.0046) (Fig. 2C and Table 2 and Table S3). Men-
struation appeared at various stages of metreleptin therapy,
ranging from 4 to 32 wk after initiation of treatment, and on
average occurred earlier in subjects treated with metreleptin. All
subjects who menstruated had irregular but sustained cycles,
missing up to a total of three cycles after resumption and no
more than 37.5% of the total duration of menstruation. Men-
struating subjects had progesterone levels measured at day 21 of
their cycles. Four of the menstruating subjects in the metreleptin
arm were determined to be ovulatory, as defined by serum pro-
gesterone >10 ng/mL at the midluteal phase (18). One subject
who resumed menses after 8 wk of metreleptin therapy and
continued to have regular menstrual cycles became pregnant at
week 24. Of the five metreleptin-treated subjects who regained
menses and completed the study, three continued to have
menses until the week 52 follow-up visit. Among the two par-
ticipants who developed menses on placebo therapy, one had
menses once during the first 4 wk of treatment, and the other had
regular menses starting at week 32. One additional placebo-
treated subject had menses at the week 52 follow-up visit.

Hormone Levels. Estradiol and progesterone levels increased sig-
nificantly in the participants treated with metreleptin as com-
pared with the participants treated with placebo (P = 0.0137 and
P = 0.0342, respectively, by treatment effect) (Table 1). The LH
and FSH levels did not differ between the two groups (P = 0.40
and P = 0.70, respectively) (Table S2). There was no significant
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difference in inhibin B levels between the two groups (P = 0.27)
(Table S2). Finally, testosterone levels did not differ between the
metreleptin- and placebo-treated groups (P = 0.88) (Table S2).
Thyroid-stimulating hormone (TSH), free triiodothyronine
(fT3), and free thyroxine (fT4) levels were normal at baseline
and did not differ between the metreleptin- and placebo-treated
groups (P = 0.71, P = 0.57, and P = 0.14, respectively). As
compared with the placebo-treated group, fT3 increased signif-
icantly in the metreleptin-treated group over time (P = 0.02)
(Table S2). There were no significant changes in fT4 or TSH
throughout the study duration between the groups (P = 0.95 and
P = 0.70, respectively) (Table S2). There was no significant
difference between the metreleptin- and placebo-treated groups
in cortisol levels at baseline (P = 0.61). The placebo-treated
subjects had stable cortisol levels during the study compared with
the metreleptin-treated subjects, who had a significant decline in
cortisol levels (P = 0.019 by treatment effect) (Table 1). The
mean cortisol level of the metreleptin-treated group increased
slightly at the week 52 follow-up visit (16 wk after discontinua-
tion of metreleptin); this level was not significantly different from
the mean cortisol level of the placebo group at week 52 (P =
0.17). Spot free urinary cortisol:creatinine ratios were not sig-
nificantly different between the placebo- and metreleptin- trea-
ted groups (P = 0.95) (Table S2). The ratio of IGF1:IGF binding
protein 3 (IGF1:IGFBP-3) was significantly higher in the treat-
ment group than in the placebo group over the study duration
(P = 0.035), but there was only a borderline difference in IGF1
levels and no difference in IGFBP-3 levels (P = 0.08 and P =
0.81, respectively) (Table 1 and Table S2). There was no sig-
nificant difference between the two groups in prolactin levels
over the 36-wk period (P = 0.56) (Table S2).

Bone Metabolism. There was no significant difference between the
treatment groups in BMD at the lumbar spine (P = 0.97), hip
(P = 0.51), radius (P = 0.76), or in total (P = 0.34) over 36 wk.
The changes in biochemical markers for bone metabolism are
summarized in Table 1 and Table S2. Levels of osteocalcin,
a marker of bone formation, increased quickly with metreleptin
treatment by week 4 and remained significantly elevated com-
pared with the placebo treatment during the 36-wk study (P =
0.0019 by treatment effect). Levels of osteocalcin returned to
baseline at the 52-wk follow-up visit. There were no significant
differences between the two groups in levels of bone-specific al-
kaline phosphatase (BSAP), another marker of bone formation,
or osteoprotegerin, an osteoclastogenesis inhibitory factor, over
the study duration (P = 0.29 and P = 0.17, respectively). With
respect to the markers of bone resorption, there was a higher
increase in the urinary N-telopeptides of type 1 collagen (NTX):
creatinine ratio in the placebo group than in the metreleptin
group (P = 0.0282 by treatment effect). There was no significant
difference between the two groups in C-telopeptides of type 1
collagen (CTX) levels over the study duration (P = 0.39).

Safety of Metreleptin Therapy. One subject developed local in-
jection-site reactions with erythematous rashes within a few weeks
after starting metreleptin. She withdrew from the study, and the
symptoms resolved spontaneously within 1 wk. Another subject
receiving metreleptin therapy had persistent weight loss (more
than 8% from her baseline weight) and withdrew from the study.
Antileptin antibodies were determined to be nonneutralizing
antibodies. No other clinically significant adverse effects related
to the study medication or procedures were observed.

Discussion

In this randomized, double-blinded, placebo-controlled, 36-wk
treatment study, administration of metreleptin to correct leptin
deficiency in women with HA resulted in restoration of menses
(>50% ovulatory); increases in estradiol, progesterone, and fT3
levels; decrease in cortisol level; increases in IGF1:1GFBP-3
ratio and osteocalcin level; and stabilization of urinary NTX:
creatinine ratio. These results suggest that hypoleptinemia con-
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tributes significantly to the reproductive, neuroendocrine, and
bone abnormalities associated with HA.

Although leptin first was discovered as an antiobesity hormone
(19, 20), soon thereafter it was recognized as a hormonal medi-
ator of adaptation to energy deprivation. Studies have shown that
short-term starvation of mice (11) and humans (12, 21, 22) results
in hypoleptinemia and alterations in the reproductive, thyroid,
and growth hormone axes, which are normalized with exogenous
administration of leptin. Women with HA are chronically energy-
deprived and have both hypoleptinemia and similar neuroendo-
crine abnormalities. It thus would be reasonable to hypothesize
that these abnormalities can be treated with metreleptin admin-
istration in replacement doses. Herein, we expand and extend our
pilot data from our 3-mo, open-label, interventional study on
leptin replacement in women with HA (17) and demonstrate
metreleptin’s ability to correct these abnormalities. In this study,
daily s.c. injection of replacement doses of metreleptin resulted in
significantly elevated levels of leptin within the first month of
treatment. Furthermore, we show that, despite the development
of antileptin antibodies, free leptin levels increased and were
maintained throughout the study duration. The transient pres-
ence of antileptin antibodies also has been noted in the past in
treatment of children with congenital leptin deficiency (23, 24)
and adults with obesity (25).

In our study, metreleptin administration over 36 wk resulted in
significantly more participants recovering menstruation com-
pared with placebo. Study participants had had amenorrhea for
amean duration of 4-5 y. As might be expected on the basis of the
known recovery rate of women with HA, two placebo-treated
subjects had menses during the 36-wk study period, only one of
which was regular. This response rate in the placebo group and the
time frame over which it occurred provide context for interpreting
the response rate in the metreleptin group. More than 50% of the
seven metreleptin-treated subjects who resumed menses were
found to have ovulatory cycles through determination of pro-
gesterone levels on day 21 of the menstrual cycle. Notably, one
metreleptin-treated subject became pregnant despite required
and reported use of barrier contraception. All subjects were
instructed to use barrier methods and/or abstain from sexual in-
tercourse to avoid pregnancy during treatment with the in-
vestigational medication. Five of the seven metreleptin-treated
subjects who developed menses did so within 12 wk of beginning
treatment. This finding is consistent with our previous pilot study
in which ovulatory cycles and/or dominant follicles with with-
drawal bleeding occurred in the majority of treated subjects over
a similar time frame. Notably, two subjects developed menses
later in the course of metreleptin treatment, suggesting that a lag
in response may occur in some subjects. Alternatively, these later
events (especially the menses occurring at 32 wk) could represent
a lack of response to metreleptin and the natural history of the
condition with spontaneous menstrual cycles. Subjects were
instructed to maintain their exercise patterns and eating habits as
stably as possible over the course of the study. The possibility
remains that lifestyle changes could have contributed to restora-
tion of menstrual cycles in some subjects, but we controlled for
these potential confounders to the best of our abilities in this
randomized and blinded study.

In addition, we demonstrated that there have been significant
increases in estradiol and progesterone levels with metreleptin
replacement. No changes in LH levels were found in this study,
contrary to the previous one, which assessed LH pulsatility based
on frequent overnight blood sampling. The blood specimens
collected in the present study were not timed with respect to
menstrual cycles, and, given the pulsatile nature of LH and FSH
secretion, the measured levels may not reflect accurately changes
in mean levels and/or pulsatility. Treatment with metreleptin
also has improved reproductive function in other leptin-deficient
conditions, including congenital leptin deficiency (23) and lip-
odystrophy (26), in uncontrolled pilot studies.

Chronic energy deficiency in women with HA also is associ-
ated with other neuroendocrine abnormalities, including de-
creased thyroid hormone, increased growth hormone, decreased

Chou et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015674108/-/DCSupplemental/pnas.201015674SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1015674108

-~ Placebo
100 { —*— Metreieptin

8

—o- Placebo
—s— Metreleptin

8 &5 8 8

o

—o 0T m g O~ O mpmmo 5

Fig. 2. Total and free leptin levels and restoration of
menses. (A) Total leptin levels during the 36 wk of treat-
ment and at the week 52 follow-up visit. The solid black line
represents mean total leptin levels in the metreleptin-
treated group; the gray dashed line represents mean to-
tal leptin levels in the placebo-treated group. The serum
total leptin level increased significantly in the metreleptin-
treated group, compared with the placebo-treated group
(P < 0.0001). The leptin level decreased quickly with dis-
continuation of metreleptin and was not significantly
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different from that in the placebo-treated group at the
week 52 follow-up visit (P = 0.0536). The control group, as
expected, did not have any significant changes in leptin
levels throughout the study duration (P = 0.5395). (B) Free
leptin levels during the 36 wk of treatment and at the
week 52 follow-up visit. The solid black line represents the
mean free leptin levels in the metreleptin-treated group;
the black dashed line represents the mean free leptin
levels in the placebo-treated group. Similar to total leptin
levels, free leptin levels increased significantly over the
study duration in the metreleptin-treated group but re-
mained stable in the placebo-treated group (P < 0.0001).
(C) The cumulative percentage of women in which men-
struation occurred. The black solid line represents the
metreleptin-treated group; the gray dashed line repre-
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IGF1, and increased cortisol levels (2-7). A significant increase
in T3, although not fT4, levels, as well as in the IGF1:IGFBP-3
ratio in the metreleptin-treated group as compared with the
placebo group was observed in this study. Finally, we show that,
compared with placebo, metreleptin administration results in
significantly lower levels of cortisol in women with HA. Given the
pulsatile nature of cortisol levels, this result will need to be
assessed further with measures of adrenocorticotropic hormone
(ACTH) pulsatility and free cortisol by 24-h urine collection in
future studies. In addition to confirming an increase in osteo-
calcin, a marker of bone formation, with metreleptin treatment as
seen in our previous pilot study (17), we observed a stabilization in
urinary NTX:creatinine ratio, a measure of bone resorption.
These findings suggest that continued use of metreleptin over
a longer time frame may have beneficial effects on bone metab-
olism. Markers of bone formation are significantly reduced in
mature adolescents with anorexia nervosa (27, 28), and high
baseline osteocalcin has been shown to predict subsequent
increases in lumbar bone mineral content of bone area (29). Al-
though no significant changes in BMD were seen in our study,
a 36-wk period probably is not long enough for a potential change
to be observed. An ongoing, open-label extension of this study will
assess the effect of up to 2 y of metreleptin administration
on BMD.

Leptin may improve BMD through several mechanisms, either
indirectly via effects on neuroendocrine axes (e.g., increases in
estradiol and IGF1 and decrease in cortisol, as shown herein)
and/or via direct effects on bone. Recently, Lawson et al. (30)
showed that women with HA had hypercortisolemia, and cortisol
levels were negatively associated with BMD at the anterior—
posterior spine, lateral spine, and hip. Alterations in the growth
hormone axis, particularly low IGF1 concentrations, also have
been proposed to contribute to bone loss associated with an-
orexia nervosa (27, 28, 31, 32). Dysfunction of the cortisol and
growth hormone axes in addition to the gonadal axis may explain
the inconsistent efficacy of estrogen replacement in restoring
BMD in women with HA (33).

Leptin also has several direct effects on bone metabolism.
Circulating leptin acts on bone marrow stromal cells, directing
them toward an osteogenic rather than adipogenic pathway in
mice (34-36). Studies have revealed that leptin treatment directly
increases osteoblast proliferation and decreases osteoclasto-
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sents the placebo-treated group. Over time, significantly
more participants in the metreleptin group than in the pla-
cebo group regained menses (P = 0.0046). The table reports
041 P values at every time point using Fisher's exact test.

genesis both in vitro and in vivo (37, 38). The extent to which
changes in hormone levels and/or the direct effects of leptin
contribute to the increase in markers of bone formation remain to
be determined. Moreover, it is reasonable to assume that chronic
metreleptin treatment over longer periods of time may improve
BMD, given metreleptin’s beneficial effects in restoring all these
neuroendocrine axes. This effect remains to be demonstrated.

Although weight and BMI were controlled for by adjusting the
treatment doses, the metreleptin-treated group had a significant loss
of body fat in the beginning of the study, before treatment dose
adjustments. This finding also has been observed in studies assessing
the effect of metreleptin on metabolic parameters in humans with
severe lipodystrophy and other conditions associated with relative
leptin deficiency (39-41). We questioned whether the loss of body
fat was caused by increased energy expenditure or decreased fat
intake. Given a mean loss of 2.02 kg of fat over 36 wk, we would
expect either an increase in energy expenditure or a decrease in fat
intake of 72 calories per day. It also is possible that there is a direct
lipolytic effect of metreleptin on adipose tissue, and this possibility
needs to be explored in the future further. There was no change in
resting energy expenditure in the metreleptin-treated group com-
pared with the placebo-treated group over the course of the study.
However, this study measured only resting rather than total energy
expenditure, which would have provided a more thorough assess-
ment of energy expenditure. Likewise, 3-d food diaries may not be
sensitive enough to distinguish reliably changes in food intake on
this order of magnitude.

Thus, the measures of energy expenditure and food intake used
in this study proved to be limited, but the required level of sensi-
tivity was not known beforehand. A 24-h measure of energy ex-
penditure by direct calorimetry would provide a more accurate
representation, but this method would not be easy to implement in
a long-term, randomized study. Another theoretical limitation of
this study is the withdrawal rate. An early withdrawal rate of 10%
by week 20 and 35% by week 36 might have been expected, based
on the intensity of the intervention and the level of commitment
required to complete the study. Also, weight loss presents a po-
tential concern in a lean to normal-weight population that already
may have less body fat than controls of similar body weight (42);
however, this weight loss appears to be a dose-related phenome-
non that can be limited, given appropriate monitoring and dose
adjusting. Determining an effective dose that has beneficial effects
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on reproductive parameters without inducing excessive weight loss
is warranted, and the results herein provide evidence that such
dosing is feasible and likely needs to be individualized.

In summary, this randomized, double-blinded, placebo-con-
trolled study demonstrates that hypoleptinemia underlies the
dysfunction of neuroendocrine axes and bone metabolism asso-
ciated with HA. Treatment with metreleptin in physiologic doses
may be a safe, effective therapeutic option. Aside from attempt-
ing to decrease exercise and/or increase food intake and body
weight, the standard of treatment for HA is estrogen, which does
not adequately address infertility, other associated neuroendo-
crine abnormalities, or bone loss. The neuroendocrine normali-
zation observed in the metreleptin-treated group compared with
placebo suggests a therapeutic role of this hormone with an onset
of action much earlier than could be achieved with lifestyle
changes alone. Longer studies are in process to determine the
effect of metreleptin therapy on BMD, and larger studies are
needed to determine the safety and efficacy of metreleptin as
a treatment for this condition.
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Materials and Methods

Subjects, study design, biochemical analysis, and other methods are described
in SI Materials and Methods. In brief, eligible subjects were women between
18 and 35 y old with secondary HA for at least 6 mo coincident with a period
of strenuous exercise and/or low body weight. The participants were as-
signed randomly in a 1:1 ratio to receive either metreleptin or placebo.
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